6? P #1,1^47 MiCy 



STIC-ILL 



From: 

Sent: 

To: 

Subject: 



Schmidt, Mary 

Monday, October 28, 2002 3:51 PM 
STIC-ILL 

references 09/909,796 



Hi, please locate the following references: 

Ploszaj et al., Amino acids (Austria), 2000, 19 (2), p483-96. 

Stefanelli et al. Biochemical journal (England) May 1, 2000, 347 Ft. 3, p875-80. 

Sakagami et al. Anticancer Research (Greece), Jan-Feb. 2000, 20 (1 A), p265-70. 

Ray et al., American journal of physiology. Cell physiology (US), Mar. 2000, 278 (3), pC480-9. 

Bocketal. Radiation research (US), Dec. 1999, 152 (6). p604-10. 

Dai et aL Cancer research (US), Oct. 1. 1999, 59 (19), p4944-54. 

Bratton et al. Jo. of biological chemistry (US), Oct. 1, 1999, 274 (40), p281 13-20. 

Paiyi etal. Anti-cancer drugs (England), Jan 1999, 10 (10, p103-11. 

Li et al. Am. journal of physiology , April 1999, 276 (4 Pt. 1), pC946-54. 

Ray et al. Am. journal of physiology, Mar. 1999, 276 (3 Pt. 1) pC684-91. 

Das etal. Oncology Research (US), 1997, 9 (11-12), p565-72. 

Monti et al.. Life Sciences (England), 1998, 62 (9), p799-806. 

Lin et al., Experimental cell research, (US), Nov. 25, 1997. 

Tome et at. biochemical Journal (England ) Dec. 15, 1997, 328 (Pt. 3), p847-54 . 

Hu^eUl ^ochemi (England), Nov. 15, 1997, 328 (Pt. 1), p307-16^^^ 

Tome et al. biological signals (Switzerland), May -Jun 1997, 6 (3), pi 50-6. 

Taguchietal., Cell biochemistry and function (England), Mar 2001, 19 (1), pi 9-26. 

Camon et al. neurotoxicology (US), Fall 1994, 15 (3), p759-63. 

Shinki etal.. Gastroenterology (US), Jan 1991, 100 (1), pi 13-22. 

Heston et al. Prostrate (US), 1982, 3 (4). p383-9 

Stefanelli etal, biochemical journal (England), Apr. 1, 2001. 355 (pt. 1), pi 99-206. 

Lopez et al., biocell: official journal of the sociedades latinoamericanas de microscopia electronica... et. al. 9Argentina), 
Dec. 1999,23 (3), p223-8. 

Schipper et al. seminars in cancer biology (US), feb. 2000, 10(1), p55-68. 
Nilsson et al., biochemical journal (England) Mar. 15, 2000, 346 Pt 3, p699-704. 

giuseppina monti m. et al., biochemical and biophysical research commun. (US), Apr. 13, 1999, 257 (2), p460-5. 

ratasirayakorn et al, j. of pehodontology feb. 1999, 70 (2), pi 79-84 

stabellini et al., Experimental and molecular parhology (US), 1997, 64 (3), p147-55. 

Sparapani et al, experimental neurology (US), nov. 1997, 148 (1), p157-66.. 

Dhalluin et al., carcinogenesis (Eng.), Nov. 1997, 18 (11), p2217-23. 



1 



Biochem. 



J (1997) 328. 307-316 (Printed in Great Britain) 



307 



Rapid induction of apoptosis by deregulated uptalce of polyamine analogues 

Rei-Huang HU and Anthony E. PEGG^ 

[)epartments of Cellular and Molecular Ptiysiology and Pharmacology, M. S. Hershey Medical Center, Pennsylvania State Univerr,ity College of Medicine, Hershey, 
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Treatment of Chinese hamster ovary cells with a-difluoromethyl- 
ornithine for 3 days, followed by exposure to cycloheximide, led 
to an unregulated, rapid and massive accumulation of polyamine 
analogues. This accumulation led to cell death by apoptosis 
within a few hours. Clear evidence of DNA fragmentation was 
seen in response to both N-terminally ethylated polyamines and 
to polyamines containing methyl groups on the terminal carbon 
atoms. Programmed cell death was induced within 2^ h of 
exposure to 1 //M or higher concentrations of N^,N^^- 
bis(ethyl)norspermine. The presence of cycloheximide increased 
the uptake of the polyamine analogues and therefore led to cell 
death at lower analogue concentrations, but it was not essential 
for the induction of apoptosis, since similar effects were seen 



when the protem synthesis inhibitor was omitted and the 
concentration of jV\iV^^-bis(ethyl)norspermine was increased to 
5 fiM or more The induction of apoptosis was blocked both by 
the addition of the caspase inhibitor A^-benzyloxycarbonyl-Val- 
Ala-Asp-fluoromethylketone, or by the addition of the polyamine 
oxidase inhibitor 7\^-methyl-A^M2,3-butadienyl)butane-l,4- 
diamine (MDL 72,527). These experiments provide evidence to 
support the concepts that: (1) polyamines or their oxidation 
products may be initiators of programmed cell death; (2) 
regulation of polyamine biosynthesis and uptake prevents the 
accumulation of toxic levels of polyamines; and (3) the anti- 
neoplastic effects of bis(ethyl) polyamine analogues may be due 
to the induction of apoptosis in sensitive tumour cells. 



INTRODUCTION 

It is well known that the enzymes controlling the polyamine 
content of mammalian cells are very highly regulated, although 
the physiological reasons for this regulation are not well under- 
stood [1,2]. An increase in polyamine content causes a reduced 
rate of synthesis of the key biosynthetic enzymes, ornithine 
decarboxylase (ODC)] and 5-adenosylmethionine decarboxylase, 
and an increased rate of degradation of these proteins. Fur- 
thermore, polyamine uptake is repressed by a high intracellular 
content [3] and the enzyme spermidine/spermine-A^-acetyl- 
transferase (SSAT) is induced by polyamines [4]. The acetylation 
of polyamines brought about by this enzyme not only directly 
reduces their levels but also facilitates their degradation by FAD- 
depcndent polyamine oxidase (PAO) and their excretion from 
the cell. It has been suggested that these factors and polyamine 
sequestration act to prevent the cellular polyamine content from 
reaching toxic levels [5,6]. Toxic effects of polyamines have been 
reported in many studies ([7-1 1] and references therein), although 
the mechanism by which toxic effects occur remains unclear and 
may be variable, involving oxidation products in some cases but 
not in others. 

There has been considerable recent interest in the development 
of polyamine analogues as therapeutic agents. A series of 
polyamines with alkyl substituents on the terminal nitrogen 
atoms have been synthesized, and many of these have been 
shown to have potential as anti-tumour agents [12-15]. The 
mechanism by which these analogues cause the death of tumour 
cells is also not fully understood, and it is not clear whether the 
analogues act as polyamine agonists or antagonists in bringing 
about their toxic effects on the cell. 



One possibility is that they act by means of reducing the 
intracellular polyamine content below levels compatible with cell 
survival. In support of this concept, it has been shown that the 
analogues do cause an inhibition of normal polyamine synthesis 
by reducing ODC and S'-adenosylmethionine decarboxylase 
activities [16]. The analogues bring about this effect by mimicking 
the action of the natural polyamines on the synthesis and 
degradation of these enzymes. A second action of the polyamine 
analogues is to cause a massive induction of SSAT [1,2,4]. Some 
of these compounds are the best known inducers of SSAT and 
they cause an increase in SSAT mRNA level, its translation into 
protein and the stability of the SSAT protein. This combined 
with the fact that they are not themselves substrates for acety- 
lation by SSAT, and are therefore not depleted by SSAT 
induction, causes SSAT to rise to very high levels. The com- 
bination of a reduction of polyamine synthesis and an increase in 
polyamine degradation and excretion produces a rapid and 
profound reduction in intracellular polyamine levels, which is 
exacerbated by the fact that the polyamine analogues are 
substrates for the polyamine transport system and their com- 
petition for this carrier prevents uptake of extracellular poly- 
amines. 

On the other hand, the growth inhibitory effects of polyamine 
analogues do not correlate particularly well with their abilities to 
induce SSAT or with the speed of polyamine depletion, and a 
better correlation was seen with the intracellular analogue 
concentration itself 1 17 -19]. It was therefore suggested that the 
accumulation of the polyamine analogues and their binding to 
sites normally occupied by polyamines may cause cytotoxicity. 
The depletion of the normal polyamines could enhance this effect 
by facilitating the binding of the analogues to the sites. Other 



Abbreviations used: ODC, ornithine decarboxylase; SSAT, spermidine/spermine-/V'-acetyltransferase; PAO, FAD-dependent polyamine oxidase; 
BE-3-3-3, 3,7,11,15-tetra-azatieptadecane [also known as N\ ^-bis(ethyl)norspermine] ; BE-3-4-3, 3,7,1 2,16-tetra-azaoc tadecane [also known as N\ 
/V'^'-bis(ethyl)spermine]; BE-3-7-3, W,N'-bis[3-{ethylamino)-propyll-1 ,7^heptane diamine; BE-4-4-4. 3.8,13,18-tetra'azaeicosane; BE-4-4-4-4, 1,19- 
bis(ethylamino)-5,l0,15-triazanonadecane; DFMO, a-difluoromethylornithtne ; MDL 72,527, W'-methyl-W-(2,3-butad)enyl)butane-1 ,4-diamine; 
1-Me-SPD, 1-methylspermtdine; 1 .IL'-Me^^SPtVl, 1 ,1 2-dimethy!spermine; Z-VAD-fmk, W-benzyloxycarbonyl-Val-Ala-Asp-ftuoromethylketone; TLCK, 
1-tosylamid0'2-phenylethylchloromethyl ketone. 
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possibilities, including the interference with the formation of 
hypusine in the putative initiation factor eIF-5A, have also been 
proposed [9]. 

Further information on the mechanism by which the polyamine 
analogues exert their effects would clearly be valuable in aiding 
in the design and therapeutic use of such compounds. In the 
present studies, we have taken advantage of the recent findings 
that polyamine transport is repressed by the action of a highly 
labile protein termed antizyme. Antizyme was first described as 
an inhibitor of ODC but was subsequently shown to function by 
binding to the ODC monomer and facilitating its degradation by 
the proteasome [20]. More recently, it was found that antizyme, 
which is induced by polyamines, also acts to block the transport 
system [21-23]. The use of an inhibitor of protein synthesis to 
block antizyme synthesis therefore permits the unregulated 
uptake of polyamines. In the experiments presented here, we 
show that it also permits the very rapid accumulation of 
polyamine analogues to toxic levels and that this accumulation 
causes apoptosis within a short time period. 

EXPERIMENTAL 
Materials 

The bis(ethyl) polyamine analogues used in these studies were 
generously provided by Dr. R. J. Bergeron (College of Pharmacy, 
University of Florida, Gainesville, FL, U.S.A.) {3,7,1 1,15-tetra- 
azaheptadecane [BE-3-3-3; also known as N^, A^*-bis(ethyl)- 
norspermine], 3,7,12,1 6-tetra-azaoctadecane [BE-3-4-3, also 
known as A^2-bis(ethyl)spermine], and 3,8, 13,1 8-tetra-aza- 
eicosane (BE-4-4-4)}, Dr. H. S. Basu (Department of Human 
Oncology, Medical School, University of Wisconsin-Madison, 
Madison, WI, U.S.A.) [l,19-bis(ethylamino)-5,10,15-triazanon- 
adecane (BE-4-4-4-4)], and Merrell Dow Research Institute 
(Cincinnati, OH, U.S.A.) {A^,A^ -bis[3-(ethylamino)-propyl]-l,7- 
heptane diamine (BE-3-7-3)}. a-Difluoromethylomithine 
(DFMO) and A^-methyl-A^-(2,3-butadienyl)butane-l,4-diamine 
(MDL 72,527) were also obtained from Merrell Dow. Methylated 
polyamine derivatives, 1-methylspermidine (1-Me-SPD) and 
1,12-dimethylspermine (U^-Me^-SPM) [24] were kindly pro- 
vided by Dr. J. K. Coward (Department of Chemistry, University 
of Michigan, Ann Arbor, MI, U.S.A.). TV-Benzyloxycarbonyl- 
Val-Ala-Asp-fluoromethylketone (Z-VAD-fmk) was purchased 
from Enzyme Systems (Dubhn, CA, U.S.A.). SDS, Tris, 1- 
tosylamido-2-phenylethylchloromethyl ketone (TLCK), the cell 
death detection ELISA kit and proteinase K were obtained from 
Boehrmger-Mannheim (Indianapolis, IN, U.S.A.). Other chemi- 
cals and biomedical reagents were purchased from Sigma 
Chemical Co. (St. Louis, MO, U.S.A.), Fisher Scientific (Fair 
Lawn, NJ, U.S.A.), Bio-Rad (Richmond, CA. U.S.A.), Gibco- 
BRL (Gaithersburg, MD, U.S.A.) and Boehringer-Mannheim 
(IndianapoHs, IN, U.S.A.). 

Celt culture and drug treatment 

Chinese hamster ovary cells were grown as previously described 
in a-minimum essential medium supplemented with 10% fetal 
bovine serum, 100 /vg/ml each penicillin and streptomycin [25]. 
Cells were grown at 37 °C with 5% CO^ and 92% relative 
humidity. For each experiment, cells were plated in 60-mm tissue 
culture dishes with 5 ml of medium at a density of 10^ cells per 
dish, unless DFMO was used. When used, 5 mM DFMO was 
added to the cell culture medium 4 h after cell plating at a density 
of 2 X 10-^ per dish. Cells were allowed to grow at 37 °C for 
3 days. Polyamine analogues were then added to the culture 
medium in the presence or absence of 200 /iM cycloheximide and 



the cells were incubated for a further 0-24 h as indicated. For^ 
experiments to test the effect of polyamine oxidase inhibitors and' 
caspase inhibitors, cells were pre-treated with either 50 //M of 
MDL 72,527 for 24 h or with 50 //M of Z-VAD-fmk for 1.5 h 
before the addition of polyamine analogues. 



Analysis of DNA degradation and apoptosis 

Production of cytoplasmic histone-associated DNA fragments, 
which is correlated to development of apoptosis, was analysed 
using the cell death detection ELISA kit (Boehringer-Mannheim 
GmbH, Germany) according to the manufacturer's instructions. 
Briefly, following cell culture, the attached cells were washed 
with two aliquots of 5 ml of serum-free medium, harvested with 
a disposable cell scraper, counted using a haemocytometer, and 
lysed with an appropriate amount of a buffer containing 1 mM 
EDTA/1 % (w/v) BSA/0.2% (v/v) Tween-20 in PBS, pH 7, to 
obtain a lysate equivalent to 2 x 10^ cells/ml For each ELISA 
analysis, 0.0 1 ml of this lysate was used. 

In order to measure the formation of DNA fragmentation 
ladders, cell extracts were prepared and analysed by agarose gel 
electrophoresis. The treated cells were washed twice with ice-cold 
PBS, resuspended with 35 /i\ per 2 x10^ cells of lysis buffer 
(50 mM Tris/HCl, pH 9.0/20 mM EDTA/lOmM NaCl/1% 
SDS/1 mg/ml proteinase K) and digested overnight at 48 °C. 
The DNA was then extracted twice with phenol/chloroform 
(pre-equilibrated with a buffer containing 50 mM Tris/HCl, pH 
9.0, 20 mM EDTA and 10 mM NaCl) and subsequently extracted 
once with chloroform/isoamyl alcohol (24 : 1 ). Each DNA sample 
(equivalent to the extract from 10* cells) was treated with a 1/100 
volume of RNase A (10 mg/ml, heat-treated) and heated at 
65 °C for 10 min. The samples were then separated by electro- 
phoresis in 1.2% agarose gels using Tris/borate buffer (pH 8.0) 
containing 50 //g/ml of ethidium bromide at 70-80 V for approxi- 
mately 3h- After electrophoresis, the DNA fragments were 
visualized and photographed under UV hght. 



Analysis of poiyamine anaiogue concentration 

In order to assay the intracellular concentration of polyamine 
analogues, cell extracts were prepared, the polyamines converted 
into dansyl derivatives and the dansyl derivatives separated by 
HPLC and quantified using a fluorescence detector. After ex- 
posure to the polyamine analogues for the times indicated, the 
cells in each individual dish were washed three times in ice-cold 
PBS, harvested using a disposable cell scraper and resuspended 
in 0.1 ml of harvesting buffer containing 10 mM Tris, pH 7.5, 
2.5 mM dithiothreitol and 0. 1 mM EDTA. Then, 0. 1 ml of 1 .2 M 
perchloric acid was added and the protein precipitated was at 
4°C for at least 4 h. After centrifugation at 2000 rev. /min 
(800 g) for 20 min, the supernatant containing the polyamines 
was removed. After the addition of 1,7-diaminoheptane, which 
was used as an internal standard, the samples were treated with 
dansyl chloride [25,26]. The dansyl derivatives were isolated and 
separated by reverse-phase HPLC on a Beckman (Fullerton, CA, 
U.S.A.) 5//m Ultrasphere ODS column (4.6 mm x 25 cm) at a 
flow rate of 2.5 ml/min at 50 °C using a gradient of aceto- 
nitrile/ water running from 45:55 to 90:10 (v/v). Results were 
expressed as nmol polyamine/mg of cell protein. The cell protein 
was determined using the pellets from the perchloric acid 
precipitation step which were dissolved in 0.1 M NaOH and the 
protein content measured [27] using BSA as standard. The 
amount of Chinese hamster ovary cell protein per dish was 
between 95 and 125 //g in all cases. 
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RESULTS 

Effect of DFMO and cycloheximide on uptake of polyamine 
analogues 

The uptake of bis(ethyl) polyamine analogues which have ethyl 
ouDS placed on the terminal nitrogen atoms [13,28] was studied 
fv adding them at 10/fM concentrations to the cell culture 
edium and measuring the intracellular concentration over the 
t 6 h In otherwise untreated cells, there was a relatively slow 
uptake of these compounds, such that they reached values of 
< 7_15 1 nmol/mg of protein within a 4 h period, with BE-3-3-3 
being accumulated to the highest level and BE-4-4-4 to the lowest 
(Fieure 1 hUed square symbols). The uptake of all of the 
analogues' except BE-3-7-3 and BE-4-4-4-4 was increased by 
adding cycloheximide, an inhibitor of protem synthesis, at the 
time of addition of the analogues (Figure 1, open circle symbols). 
Uptake of all analogues was increased greatly by pretreating the 
cells for 3 days before analogue addition with DFMO, which 
blocks endogenous polyamine synthesis and reduces cellular 
spermidine and putrescine to undetectable levels (Figure 1, filled 
circle symbols). The combination of DFMO and cycloheximide 



had an even greater effect in increasing analogue uptake, par- 
ticularly for BE-3-3-3 and BE-3-4-3 (Figure 1, open square 
symbols). Under these conditions, after 4 h of exposure to BE-3- 
3-3 or BE-3-4-3, the cells had accumulated 323 ±39 and 
394 + 1 11 nmol of analogue/mg of protein respectively. This is 
vastly in excess of normal polyamine levels, which are about 
15 nmol/mg of protein for both spermidine and spermine. 
Although the enhanced uptake of the other analogues was lower, 
it was still substantial. Within 6 h, the cells had accumulated 
87+12 nmol /mg of BE-3-7-3, 1 1 1 + 7 nmol/mg of BE-4-4-4 and 
61 +9 nmol/mg of BE-4-4-4-4 (Figure 1). 

It should be noted that in the cells in which repression of 
polyamine uptake was abolished by the use of DFMO or DFMO 
plus cycloheximide, the uptake of the analogues within a few 
hours was so great that a substantial reduction in the extracellular 
concentration in the medium was achieved. As shown in Table 1, 
as much as 74% of the total BE-3-3-3 and BE-3-4-3 added was 
present in the cells after 4-6 h of exposure to a starting extra- 
cellular concentration of 10 /iM. Even with the assumption that 
the extent of intracellular metabolism of the polyamine analogues 
is negligible, the extracellular concentration would therefore be 



- No addition 

- + Cycloheximide 

- + DFMO 

- + Cycloheximide + DFMO 




^400 





Figure 1 Time course of accumulation of poiyamlne analogues 



The intracellular content of polyamine analogue was determined as described in the Materials and methods section over a 6 h time period ot exposure. Results are shown or the ~ ^^^^^^^^ 
of M B 3 3^^^^^^^^^^^ BE 4-4-4 and BE-444-4 as indicated. The cells were either untreated (■), treated with 200 cycloheximide at the time of addition of the polyamin 

?0) Cd wl 11 DFMO for 3 days before the addition of the polyamine (•) or treated with both cycloheximide and DFMO (□). The intracellular analogue concentration was then determined 
as shown. Results are the mean of at least three observations that agreed within ±10%. 
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Table 1 Total accumulation of polyamine analogues into CMnese hantster ovary cells treated with cycloheximide and DFMO 

Cells were exposed to the polyamine analogues as described in ttie legends to Figures 1, 3 and 8, and ttie total amount of analogue found in the cell is expressed as a percentage of the 
added to the culture medium. ND, not determined. 



Percentage of total added polyamine analogue present in cell pellet 

T reatme n t ™— — 

BE-3-3-3 BE-3 4-3 BE-3 7-3 BE-4-4-4 BE-4-4-4-4 1-Me-SPD I,12-Me2-SPM 



10/iMfor2h 49 54 7 9 6 ND ND 

10/iMfor3h ND ND ND ND ND 24 9 

10y/Mfor4h 74 66 10 12 9 ND ND 

10//Mfor6h 69 74 17 22 13 41 12 

0 5/iMfor4h 70^ 57^ 28'' 26" 31^ ND ND 

1^Mfor4or6h 63^ 47^ 40" 50'' 32'' ND ND 

2.5 /iM for 4 or 6 h 70^ 81^ 46" 67" 26" ND ND 

5 //M for 4 or 6 h 44^ 42^ 28" 34" 16" ND ND 

^ Determined at 4 h. 
" Determined at 6 h. 
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Figure 2 Time course of Induction of DNA fragmentation by poiyamine analogues 

The extent of DNA fragmentation in response to polyamine analogues was determined as described in the Materials and methods section over a 6 h time period of exposure. Results are shown 
for BE-3-3-3, BE-3-4-3, BE-3-7-3. BE-4-4-4 and BE-4-4-4-4 as in Figure 1. Results are the means of at least three observations that agreed within ±10%. 



Polyamine accumulation and apoptosis 




Figure 3 Effect of polyamine analogue concentration on analogue accumulation and DNA fragmentation 

1 and 2. Results are shown for cells exposed to 0 5-5 /,M BE 3-3 3 0. BE-3 4-3 for 4 fi. or to 0.5-5 Bl: 3 / 3, Bt 4 4 0 



at least foi;r estimations. 



decreased to less than 3 /<M. Therefore, it is possible that the 
reduction in the extracellular analogue concentration under these 
conditions may limit further uptake. This could reduce the 
differences between the uptake of BE-3-3-3 and BE-3-4-3 and the 
uptake of the other analogues which were accumulated to lower 
extents. Some support for this is seen when the uptake period 
was fixed at 4 h and the analogue concentration was varied. With 
starting extracellular concentrations of 2.5 //M or less, even Bb- 
4-4-4-4 was accumulated to levels amounting to more than 25 % 
of the total added. With exposure to 0.5-1 /^M external concen- 
trations all of the analogues were accumulated in the cells to 
such an extent that 25 -70% of the total added was taken up 
(Table I) 

Effect of analogue accumulation on cell deatti 

These large accumulations of polyamine analogues had a rapid 
toxic elTect on the cells. There was morphological evidence of 
apoptosis within 2-4 h of exposure to BE-3-3-3 and BE-3-4-3 
and 4 6h of exposure to the other analogues. Quantification ol 
th,s effect was obtained using an ELISA method for the presence 



of cytoplasmic nucleosomal degradation products (Figure 2). 
Such products were present at 4 h in cells treated with all of the 
analogues in the presence of DFMO and cycloheximide. When 
cycloheximide or DFMO were omitted, the DNA fragmentation 
was still seen in the cells treated with BE-3-3-3 and BE-3-4-3, and 
to a lesser extent with BE-4-4-4. These results correlate quite wel 
with the accumulation of the analogues seen in Figure 1, and 
suggest that the high intracellular levels of polyamine analogues 
induce apoptosis and that BE-3-3-3 and BE-3-4-3 were more 
potent than the other analogues in causing such cell death. 

This conclusion was supported by the results of experiments in 
which the concentration of the analogue added to the culture 
medium was varied up to 5 /<M and the level of the analogue and 
the occurrence of DNA fragmentation were measured 4-6 h later 
(Figure 3). In this case, BE-3-3-3 and BE-3-4-3 were accurnu lated 
to a very high extent (Table 1), and maximal levels of cell death 
occurred in cells treated with 2.5 //M concentrations. Such 
exposure led to the intracellular accumulation of about 100 nmol 
of BE-3-3-3 or BE-3-4-3 per mg of protein. BE-4-4-4 was 
somewhat less active, but it only accumulated to about 
80 nmol/mg of protein, and BE-3-7-3 and BE-4-4.4-4, which 
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Figure 4 Effect of DFMO on analogue accumulation and DNA fragmentation 

Control cells {□,■) or cells treated with 5 mM DFMO for 3 days (0,#) were exposed to 0-25 //M of BE-3-3-3, BE-3-4-3, 8E-3-7-3, BE-4-4-4 or BE-4-4-4-4 for 6 h as indicated. Analogue 
accumulation (□,0) and DNA fragmentation (■.#) were measured as described in the legends to Figures 1 and 2. Results ±S.E.M. are given for at least four estimations 



accumulated to only 70 and 40 nmol/mg of protein respectively, 
were considerably less effective in causing cell death. 

In all of the experiments shown in Figure 3, both DFMO and 
cyclohcximide were added to maximize uptake of the analogues. 
As shown in Figure 4, when both of these compounds were 
omitted, there was very httle induction of apoptosis with up to 
25 fiM of any of the analogues, but the analogue intracellular 
content was always below 40 nmol/mg of protein. When DFMO 
but not cycloheximide was used, maximal effects on apoptosis 
were induced by BE-3-3-3 and BE-3-4-3 and these correlated 
with intracellular levels of > 80 nmol/mg of protein (Figure 4). 
These results demonstrate clearly that the induction of apoptosis 
is not related to the inhibition of protein synthesis by cyclo- 
heximide, but to the accumulation of the polyamine analogues. 
In the presence of DFMO alone, BE-4-4-4 produced a significant 
but lower effect on cell killing and was accumulated to levels of 
around 50-60 nmol/mg (Figure 4). BE-4-4-4-4 and BE-3-7-3 
were less effective within the 6 h period studied, even though the 
content of BE-3-7-3 did reach 80 //mol/mg of protein at exposures 
of 25//M. 

Further evidence for DNA fragmentation in response to 
polyamine analogues was obtained by studies in which DNA 
fragments were separated on agarose gels (Figure 5). A time 
course of the results of exposure to 1 //M or 2.5 //M BE-3-3-3 



showed clear evidence that DNA ladders, characteristic of 
apoptosis, were present in the cells 2-8 h after exposure to BE- 
3-3-3 (Figure 5, panels Al and A2). Such ladders were also 
observed in cells treated with BE-3-3-3, BE-3-4-3, BE-4-4-4, BE- 
3-7-3 and BE-4-4-4-4 (Figure 5, panel B). These results show that 
BE-3-7-3 and BE-4-4-4-4 do produce programmed cell death 
within a short time period, even though the incidence was too 
low to be measured easily with ELISA used in the experiments 
shown in Figure 4. 

Although exposure to cycloheximide increased the potency 
with which BE-3-3-3 induced ladder formation, it was not 
necessary for this effect, since the characteristic pattern of DNA 
fragmentation was readily apparent in cells treated for 4 h with 
5 and 10 //M BE-3-3-3 without any exposure to cycloheximide 
(Figure 5, panel C). 



Effect of a caspase Inhibitor on apoptosis In response to 
polyamine analogues 

Production of DNA fragmentation ladders (Figure 6, panels A 
and B) and the appearance of cytoplasmic nuclcosomal fragments 
(Figure 6, panel C) in response to BE-3-3-3 was blocked by the 
caspase inactivator Z-VAD-fmk, suggesting that the activity of 
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Figure 5 DegradaUon ol nuclear DNA by polyamlne analogues 

rPiK were l-aied M narveMe.) and DNA *a: .;.o,aled and at,a.v-.ed ty agarose gel 

with 2 5 M BE-3-3-3 (lane 1 ! I' 5 /*M BE-3-4 3 (lane 2i 2 5 /,M BE-4-4 4 ( ane 3)^ b 

3-7 3 (la.e 4), and -> ,M BE. 4 4-4 (lane 5, Re.c.s in ;C, a,e Icr ue« 
DFMO alon. a-: de.crite-d ,n '.e legend to F,g.-e I and l .n e.po .d . BE-3-3^3 o 
The BE-3 3-3 oncentratinn, u .e.) were: 0 /,M C.a.e 1,) 1 /.M ('an. <) ^ ^ /'M (lane 3), 5 /,M 
(lane 4) an-i 13//M//M lan.^ Si 



a caspase that is sons.t.ve to this inh.bitor [2»1 ,s essential for the 
inducti.m of apopios.s. Thts inhib.fon ..ccurreJ .n cdls treated 
with 5 /,M BE-3-3-3 or with cells treated w.th - BE_3-3-3 
m the presence of cyclohex.mide The presence of Z-VAD-lni'c 
had no effect on the intracellular accumulation of Bt-3-3-J 
which after exposure to 2.5 /<M for 4h in the presence of 
cycloheximide was 82.: ±2.6 nmol/mg of protein in the presence 
of Z-VAD-fmk and 83.9 ± 10.9 in its absence In the absence ot 
cycloheximide, treatment with 5//M BE-3-4.3 led to accumu- 
lation of 59.6± SO nmol/mg of protein in the presence of Z- 
VAD-fmk and 58.5 ±5.1 in its absence 

Effect of MDL 72,527, a polyamine oxidase inhibitor, on apoptosls 
and on polyamine metabolism 

MDL r S77 has been reported to be a potent and specific 
inhibitor of polyamine oxidase [30,311 As shown m lane 5 of 
Fmure b(A). and in Figure 7(A), the production of DNA 
fragmentation ladders typical of apoptosis ,n cells treated with 
Bl-''-3-3-3 BE- 3-4-3 or BE-3-7-3 was blocked by the presence of 
MDL 7->"5^7 MDL 72.527 also etfectnely prevented apoptosis 
m response^o BE-4-4-4 for 4 h or BE-4-4-4-4 lor b h (results not 
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Figure 6 Effect of inhibitors on induction of apoptosis by polyamine 
analogues 

re'K werp -reated v,.th tr.e Do-ent.al inhibitors, used Ic 91) m,n betore e-po-.ure to polyamine 
an .que • DMA r.a:v. .a. :arr,ed out as de'.crrbed .n the .egend -o F.gu'e 5. e resu 
ae hown n A) and -B. ONA fag-^entation also r.a^.ed out a. d.scr.bed inthe ^end 
fITs a-,d the esuiK a:e ..hown ,n (C). (A) Sample.. :rom cell, seated with DFMO and 
l r..sp..e .n...to, for 90 ™,n ..th :>A0 inh,b..rs 24 h be ere exposu 

in = »M RE 1 3-3 lor 4 h Re'.uiis are shown for no liealrv.ent (lane 1 1. 5 /-M BE-3-3 3 (lane 
) s r E 3 3 3+ 0 „M I VAD-tm^ (lane 3,. 5 ,M BE.3 3-3 ^ 100 LCK ane 4K 
.1 s^M BE 3-3-3 .0 .U MDL 72,527 (lane (B, Sar^ples ^' ^^^^^^^^ 

mm\n hi and 5ri /,M Z-VAO-fmk (90 min) and ego^ed to S /,M BE-3-3-3 tor 4 h (lane 
s n^M [mo (72 1„ 200 ,M cycloheximide (4 h) and 50 ,M Z;AD ImM 0 t„n) and 
nnsed to ? 5 aU BE i J-3 for 4 h (lane 2); 5 niM DFMO .72 tn ,ind ex[«ed o Bt 
3 r lane 3,^ mM DFMO (72 h) and 200 M ...yclohe.ini* ( h, and exposed t 
Jm BE.3 3 tor 4 dare 4,. 5 mM DFMO ,/2 h, alone (.ane 5,. 'C^-e course °t O^A 
„ag™ntat,o., :n ce.is f.ated w.th 5 naM DFMO (o, 72 h ° j^^^^^^^^^^^^^ 
(,-, •> or with 5 n.M DFMO and 200 /-M cydohex.m.de ■> ^"'^ ""POsed to 2.5 /.M 
BE 3-3 3 in ihe p.e'.en(e iH O) or absence ol Z VADimk trealne..! (■.•)- 



shown). In contrast. MDL 72.527 had no effect on the Production 
of apoptotic DNA ladders by staurosponne (f igure ^^)- yf^- 
ment w.th MDL 72,527 did lead to an '""ease m the content of 
V-acetvlspermid.ne in control cells treated with 10 //M BE-3-4. 
^ or Bl^-3-7-3 (results not shown), but it had no statistically 
Mgn.ficant elVect on the content of the P«'^''""";\J'"^'^f"'-'' 
uhich were 49 2±2 0 nmol/mg in the presence ot MDL 72.527 
compared with 45.1 ± 5.5 nmol/mg for BE-3-4-3, and 
V.)T+ S 0 nmol/mg in the presence of MDL 72,^27 compared 
w,th^6 5 + 5 7 for BE-3-7-3. The same lack of effect on analogue 
uccumulalion was found when 50 ,<M MDL 72.527 was added to 
e IsTr ated with DFMO for 3 days and with BE-3-4-3 for 4 h or 
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Figure 7 Effect of MDL 72,527 on induction of apoptosis by polyamine 
anaiogues 

Cells were treated and harvested and the DNA was isolated and analysed by agarose gel 
electrophoresis for the production of oligodeoxynucleotide ladders, as described in Figure 5. (A) 
Cells treated with 50 jwM fVlDL 11^11 added 24 h before the addition of BE-3-3-3 and 
harvested 4 h later Results are shown for cells treated with: 5 ml^ DFWO (72 h) alone (lane 
1); 5 mlVl DFfVlO (72 h) and exposed to 5 /^M BE-3-3'3 for 4 fi (lane 2); 5 mM DFMO (72 h), 
50 /fM MDL 72,527 (24 h) and exposed to 5 //M BE-3 3-3 for 4 h (lane 3); 5 mM DFfvlO 
(72 h) and 200 /^M cyciohexinnide and exposed to 2.5 /^M BE-3-3-3 for 4 h (lane 4); 5 mM 
DFMO (72 h), 200 //M cycioheximide, 50 /iM MDL 72,527 (24 h) and exposed to 2,5 /^M BE- 
3-3-3 for 4 h (lane 5). (B) Cells treated with : no addition (lane 1 ) ; 2 M staurosporine tor 1 2 h 
(lane 2); 2 /^IVI otajrosporine for 12 h-t-50/^M MDL 72,527 for 24 h (lane 3): 2 /yM 
staurosporine and 200 //M cycioheximide lor 12 h (fane 4); 2 //M staurosporine and 200 /^M 
cyoloheximitfe tor 12 h + 50//M MDL 72,527 for 24 h ;lane 5). 



BE-3-7-3 for 4 h. In these cells, all of the polyamines, except 
spennine, were reduced to below the limit of detection and the 
BE-3-4-3 content was unchanged at 69.1 +9.5 nmol/mg of pro- 
tein in the absence of MDL 72,527 and 72.4 + 6.5 in its presence. 
The corresponding values for BE-3-7-3-treated cells were 
59.0±17.4 and 79.0+ 19.8 nmd/mg. 

Comparison of N-terminaliy and C-terminally alkyiated polyamine 
analogues 

The rapid induction of apoptosis in cells with a deregulated 
polyamine transport system was not limited to the bis(ethy]) 
polyamine analogues with substitutions on the terminal nitrogen 
atoms. As shown in Figure 8, both 1-Me-SPD and 1,12-Me.^- 
SPM, in which the methyl groups are placed on the terminal 
carbon atoms m the polyamine backbone [24], were also able to 
induce this effect within 4-6 h after exposure to 10 //M concen- 
trations. All three compounds produced identical effects on cell 
killing, and since I,12-Me2-SPM was accumulated to levels of 
only about 50 nmol/mg of protein, this analogue was the most 
active if considered in terms of the effective intracellular con- 
centration. 

DISCUSSION 

These results show clearly that the rapid cellular accumulation of 
polyamine analogues to high levels causes apoptotic cell death. 
This conclusion is in agreement with the report that exposure of 
breast cancer cells to an unsymmetrical polyamine analogue for 
prolonged periods (but without manipulation to increase ana- 
logue uptake) led to programmed cell death [14], Although the 
most effective conditions for producing such accumulation in our 
experiments involved the use of the protein synthesis inhibitor 
cycioheximide, to prevent antizyme-mediated repression of poly- 
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Figure 8 Comparison of DNA fragmentation and analogue incorporation 
between polyamine analogues having N-etliyi and C-mettiyi substituents 

Experiments were carried out as described in the legend to Figure 3. Celts were treated with 
both DFMO and cycioheximide and exposed to 10 /yM BE-3-4-3 (upper panel), 10 /^M 1-Me- 
SPD (middle panel) or 1,12-Me,-SPM (lower panel). Control cells (□,■) or cells 
treated for 3 days with DFMO {(D.0) were exposed to 200 //M cycioheximide and ^0 //M 
BE-3-3-3, 1-We-SPD or 1 ,12-Me.-SPM as mdicated. Analogue accumulation (□,0) and DNA 
fragmentation (■,•) were measured at 1-6 h after analogue addition, as shown. 
Results! S.E.M. are given for at least four eMimations, 



amine transport, the results shown in Figures 4 and 5 provide 
convincing evidence that BE-3-3-3 and BE-3-4-3 can cause 
apoptosis without cycioheximide treatment. These are the two 
analogues that are accumulated to the highest levels and. 
even without cycioheximide, reached values of more than 
150 nmol/mg ofprotein \silhin 4 h. However, all of the analogues 
tested were able to induce apoptosis, as indictited by the more 
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test of the appearance of DNA fragmentation ladders 
sensitive ^^^^ Further studies will be needed to examine 

shown ^^^^ ^hich apoptosis is induced in response to 
^^1 '"^^ne analogues, but the system described here, in which a 
f^"!!d apoptotic effect occurs within 2 h of exposure to 
M BE-3-3-3 (see Figure 5A-2, lane 2), provides a useful 
^ n^^nmental system to investigate this further, 
u s possible that the depletion of normal intracellular poly- 
ines facilitates cell killing by the analogues in ways other than 
^"mutting increased uptake, for example, by allowing binding to 
r n^^rnially occupied by spermidine or spermine, but it appears 
ore likely that it is merely the high intracellular level of the 
Analogues that brings about the effect. As shown in Figure 8, 
ven the C-termmally methylated polyamines, which are much 
more similar to the natural counterparts than BE-3-4-3, were 
able to cause apoptosis. In fact, these compounds were more 
notent than the bis(ethyl) analogues if expressed in terms of the 
intracellular level associated with toxicity. It is therefore hkely 
that cells are unable to survive with highly elevated levels of 
polyamines themselves or of the polyamine analogues. 

This suggestion is consistent with a number of preliminary 
reports suggesting that accumulation of high levels of the normal 
polyamine^s can cause apoptotic cell death. Thus, overproduction 
of polyamines resulting from c-mj c-mediated over-expression of 
ODC [32] led to apoptosis. Similarly, accumulation of spermidine 
in L1210 cells with an amphfication of the ODC gene caused 
apoptosis [11]. These cells have a polyamine transport system 
that is not stringently repressed by polyamines, probably due to 
the binding of all the available antizyme to the excess ODC [33]. 
When such ODC-overproducing LI 210 cells were exposed to a 
hypotonic shock, the transport of exogenous spermidine was 
greatly increased and, because of the absence of feed-back 
repression, spermidine accumulated to toxic levels [11]. Un- 
controlled uptake of spermidine into variant HTC cells with an 
elevated ODC content also led to toxicity and cell death, although 
the mechanism of killing was not investigated [34],, There is 
experimental evidence that even putrescine, which is usually 
thought of as a precursor of polyamines, can be accumulated to 
levels that cause apoptotic cell death when cells that greatly 
overproduce ODC are also provided with an excess of the 
ornithine substrate [35,36]. These studies provide support for 
the contention that the powerful homoeostatic regulation of the 
polyamine biosynthetic pathway, which is mediated by effects on 
both the synthesis and degradation of key enzymes in polyamine 
synthesis and excretion [1,2], may be essential to prevent the 
accumulation of polyamines to highly toxic levels [5] unless 
sequestration of the polyamines can take place [6]. 

It is well known that Bcl-2 is a key protein in protecting cells 
from apoptosis, and recent studies have shown that this protem, 
which is associated with mitochondrial and nuclear membranes, 
has a structure resembhng pore-forming domains of bacterial 
toxms and may form an ion channel [37]. Polyamines and 
analogues have been shown to have the ability to block or 
modulate ion channels such as the N-methyl-D-aspartate receptor 
and the strong inward rectifier channels [38,39]. These results 
raise the intriguing possibility that interaction with a Bcl-2- 
mediated ion channel may be responsible for the toxicity of 
excess polyamines or analogues. It is also noteworthy that the 
disruption of the mitochondrial transmembrane potential and 
release of cytochrome c has been implicated as an early stage in 
apoptosis that precedes nuclear fragmentation and is prevented 
by Bcl-2 [40,41]. Mitochondrial accumulation of polyamines 
occurs very rapidly, and previous studies have related cell killing 
by polyamines or analogues to mitochondrial effects [19,42]. 
The ability of the polyamine analogues to cause apoptosis was 



antagonized by treatment with MDL 72,527, which is well 
established as a specific inhibitor of the PAO [30,31]. It therefore 
appears that PAO activity may be needed for the toxic effects. 
The physiological substrates for PAO are iV^-acetylspermine and 
iV^-acetylspermidine, which are converted into 3-acetamido- 
propanal, hydrogen peroxide and spermine or spermidine re- 
spectively. PAO is therefore thought to be involved in the 
interconversion and degradation of polyamines. However, PAO 
is also able to attack /^-alkyl-a,w-diaminoalkanes, producing an 
aldehyde, hydrogen peroxide and the free analogue [43,44], and 
is likely to play a role in the metabolism of the bis(ethyl) 
analogues. Mono-dealkylated species consistent with such a 
reaction have been observed in animals treated with BE-3-3-3 
[45] and BE-4-4-4 [46]. Although the extent of such de-ethylation 
is likely to be small, since MDL 72,527 had no statistically 
significant effect on the levels of BE-3-4-3 or BE-3-7-3, the 
possibility that sufficient amounts of such metabolites accumulate 
to initiate apoptosis cannot be ruled out. However, a more likely 
explanation is that the hydrogen peroxide or other reactive 
oxygen species generated in the PAO reaction are involved in the 
toxicity. The induction of programmed cell death in response to 
reactive oxygen species is well known and the prevention of such 
effects IS a function of Bcl-2 [47]. Both oxidation-dependent 
[48,49] and -independent mechanisms for the induction of 
apoptosis by spermidine have been described [11]. 

The levels of polyamine analogues reached in the cells under 
the experimental conditions described in the current work far 
exceed those likely to occur in normal growth and development. 
However, these levels lead to programmed cell death in all of the 
cells within a very short period of time. Our results raise the 
suggestions that: (1) elevated polyamine levels may contribute to 
apoptosis in response to both exogenous and physiological 
endogenous stimuli, possibly via the formation of toxic oxidation 
products [8]: and (2) that the antitumour effects of polyamine 
analogues may be mediated via the induction of apoptosis in 
tumour cell types that respond differentially to exposure to 
polyamine analogues [14]. 

This research was supported by grant GM-26290 from the National Institutes of 
Health. 
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